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Abstract 
Background 
The effects of running and cycling on changes in hydration status and body composition 
during a 24-hour race have been described previously, but data for 24-hour ultra-mountain 
bikers are missing. The present study investigated changes in foot volume, body composition, 
and hydration status in male and female 24-hour ultra-mountain bikers. 
Methods 
We compared in 49 (37 men and 12 women) 24-hour ultra-mountain bikers (ultra-MTBers) 
changes (∆) in body mass (BM). Fat mass (FM), percent body fat (%BF) and skeletal muscle 
mass (SM) were estimated using anthropometric methods. Changes in total body water 
(TBW), extracellular fluid (ECF) and intracellular fluid (ICF) were determined using 
bioelectrical impedance and changes in foot volume using plethysmography. Haematocrit, 
plasma [Na+], plasma urea, plasma osmolality, urine urea, urine specific gravity and urine 
osmolality were measured in a subgroup of 25 ultra-MTBers (16 men and 9 women). 
Results 
In male 24-hour ultra-MTBers, BM (P < 0.001), FM (P < 0.001), %BF (P < 0.001) and ECF 
(P < 0.05) decreased whereas SM and TBW did not change (P > 0.05). A significant 
correlation was found between post-race BM and post-race FM (r = 0.63, P < 0.001). In 
female ultra-MTBers, BM (P < 0.05), %BF (P < 0.05) and FM (P < 0.001) decreased, 
whereas SM, ECF and TBW remained stable (P > 0.05). Absolute ranking in the race was 
related to ∆%BM (P < 0.001) and ∆%FM in men (P < 0.001) and to ∆%BM (P < 0.05) in 
women. In male ultra-MTBers, increased post-race plasma urea (P < 0.001) was negatively 
related to absolute ranking in the race, ∆%BM, post-race FM and ∆%ECF (P < 0.05). Foot 
volume remained stable in both sexes (P > 0.05). 
Conclusions 
Male and female 24-hour ultra-MTBers experienced a significant loss in BM and FM, 
whereas SM remained stable. Body weight changes and increases in plasma urea do not 
reflect a change in body hydration status. No oedema of the lower limbs occurred. 
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Background 
Ultra-endurance races defined as an event exceeding six hours in duration and lasting up to 
40 hours or several days [1] pose specific problems for competitors such as a possibility of 
lack of fluids [2-6], fluid overload and/or an increase in total body water [4,7-17], sleep 
deprivation [2,18-21], inadequate energy intake [2,15,21-24] or unfavourable conditions like 
extreme heat or extreme cold [2,5,7,12,16,25,26]. Issues associated with body composition 
and hydration status include a decrease in body mass in ultra-running [2,9,16,27-29], in road 
ultra-cycling [21,22,24], in mountain-biking [5,7,30], swimming [12,31], triathlon [6,15,32] 
and skiing [26]. 
Within ultra-races, there is a difference between single stage races [30,33-37], multi-stage 
races [7,22,25,33,38-40] and time-limited races such as 24-hour races [2,16,18-21,27-29,41]. 
Little is known about the effects of running or cycling on changes in hydration status 
[16,28,41] and body composition [2,16,18,20,27,29] during a 24-hour race. Non-stop ultra-
endurance races and races lasting for several days without defined breaks lead generally to a 
decrease in body mass [15,22,24], and there seemed to be differences between cycling and 
running races. A decrease in fat mass has been rather reported for ultra-cycling 
[5,21,22,24,36], whereas a decrease in skeletal mass has been more often reported for ultra-
running [17,42]. However, a reduction in fat mass has not been confirmed for a 24-hour 
cycling road race. Knechtle et al. [20] showed that an energy deficit did not always result in a 
reciprocal loss of adipose subcutaneous tissue or skeletal muscle mass. 
A decrease in body mass could also be attributed to dehydration [2,5] but dehydration cannot 
be established without the determination of plasma sodium concentration [Na+] or osmolality 
in both plasma and urine [43]. Male ultra-MTBers during a 120-km race suffered a 
significant decrease in both body mass and skeletal mass, but no dehydration was observed 
when other determinants of hydration status were assessed [30]. On the contrary, body mass 
can increase [13,23] or remain stable [25,42] in ultra-endurance races with breaks due to an 
increase in total body water. 
An increase in total body water can occur in several ways such as fluid overload [8,9], plasma 
[Na+] retention [30] due to an increased aldosterone activity [34], protein catabolism [6], an 
increased vasopressin activity [44] or an impaired renal function [17,45]. Prolonged 
strenuous endurance exercise may lead to an increase in extracellular fluid, plasma volume 
and total body water [8,10,17] and a decrease in haematocrit due to haemodilution [7]. For 
male 100-km ultra-runners, a loss of both skeletal muscle mass and fat mass with an increase 
in total body water has been reported [46]. Similar findings were recorded in a Triple Iron 
ultra-triathlon (i.e. 11.4 km swimming, 540 km cycling, and 126.6 km running) where total 
body water and plasma volume increased and these changes seemed to be associated with 
oedema of the feet [10]. Two field studies using plethysmography found a potential 
association between fluid intake and the formation of peripheral oedema [8,9]. 
Moreover, only a few studies investigated changes in body composition and hydration status 
in female ultra-endurance athletes [12,41,47-52], but the reported findings were not 
consistent. In open-water ultra-distance swimmers, Weitkunat et al. [12] summarised that 
changes in body composition and hydration status were different in male compared to female 
athletes. For ultra-marathoners, it has been shown that female runners lost body mass during 
a 24-hour run [41]. Knechtle et al. [47] observed in 11 female 100-km ultra-runners a loss in 
body mass despite unchanged total body water and plasma [Na+]. On the contrary, in one 
female ultra-runner during a 1,200-km multi-stage ultra-marathon, body mass increased, 
percent body fat decreased, while percent total body water and skeletal mass increased [51]. 
Additionally, there are no studies showing whether changes in body composition and 
hydration status were associated with an increased prevalence of peripheral oedema in ultra-
endurance mountain bikers such as 24-hour ultra-MTBers. The aim of the present study was 
therefore to investigate changes in foot volume, body composition and hydration status in 
male and female 24-hour ultra-MTBers. Based on present literature, we hypothesized to find 
a loss in body mass as has previously reported for ultra-cycling [21,24,36] and non-stop ultra-
endurance races [15,22,24,26]. We hypothesized that this type of MTB races would lead to an 
increase in foot volume due to peripheral oedema. 
Methods 
Participants 
The present work combines data from two 24-hour races held in the Czech Republic in 2012. 
Subjects were recruited via pre-race emails and during race registration. A total of 28 (22 
men and 6 women) recreational 24-hour ultra-MTBers in the solo category from the ‘Czech 
Championship 24-hour MTB 2012’ in Jihlava city in the Czech Republic and 24 (18 men and 
6 women) ultra-MTBers from the ‛Bike Race Marathon MTB Rohozec 24 hours’ in Liberec 
city in the Czech Republic in the solo category consented to participate in the study. Of those, 
37 men and 12 women finished the race successfully. One cyclist had to give up due to 
technical problems and two athletes because of medical complications. Athletes were 
informed that participation was voluntary and that the project had received approval in 
accordance with the law (No. 96/2001 Coll. M. S. on Human Rights and Biomedicine and 
Act No. 101/2000 Coll. Privacy). The pre-race anthropometry and training data of the 
participants are presented in Table 1. 
Table 1 The pre-race experience and training parameters (n = 49) 
 Male ultra-MTBers Female ultra-MTBers 
(n = 37) (n = 12) 
M ± SD M ± SD 
Years as active biker (yr.) 9.2 ± 5.8 8.8 ± 5.9 
Number of finished ultra-marathons (n) 8.0 ± 6.5 6.7 ± 5.3 
Personal best km in 24 hour (km) 315.5 ± 89.7 279.6 ± 106.7 
Total hours weekly (h) 10.5 ± 5.3 10.2 ± 5.5 
Weekly cycling kilometres (km) 225.8 ± 149.5 191.8 ± 134.5 
Weekly cycling hours (h) 9.9 ± 5.1 9.2 ± 5.2 
Mean cycling intensity (beat/min) 133.8** ± 7.6 134.5** ± 22.8 
Mean cycling speed (km/h) 23.0** ± 3.6 21.1** ± 5.3 
Longest trail (km) 176.8** ± 84.7 141.7** ± 75.5 
Amount of km in 2011 (km) 7,107.5 ± 5,782.4 5,696.9 ± 5,037.9 
Results are presented as mean ± SD; * = P < 0.05, ** = P < 0.01. 
Races details 
The first measurement was performed at the 3rd edition of the ‘Czech Championship 24-hour 
MTB 2012’ in Jihlava. The MTBers began the race at 12:00 on 19th May 2012 and finished 
at 12:00 on 20th May 2012. The course comprised a 9.5 km single-track with an elevation of 
220 m. A single aid station, located at the start/finish area was provided by the organizer 
where a variety of food and beverages such as hypotonic sports drinks, tea, soup, caffeinated 
drinks, water, fruit, vegetables, energy bars, bread, soup, sausages, cheese, bread, chocolate 
and biscuits were available. The ultra-MTBers could also use their own supplies in their pit 
stops. Temperature was +16˚C at the start, rose to a maximum of +20˚C, dropped to +6˚C 
during the night and rose to +23˚C from the morning of the next day till the end of the race. 
Cloud cover was minimal and no precipitation was recorded during the race. The relative 
humidity was stable at 43% during the race. The ‘Bike Race Marathon MTB Rohozec’ in 
Liberec took place from 9th June to 10th June 2012. The course comprised a 12.6 km track 
with an elevation of 250 m. The track surface consisted of paved and unpaved roads and 
paths. There was one aid station located at the start and finish area with food and beverages 
similar to those mentioned above. The temperature was +19˚C at the start, rose to a maximum 
of +23˚C, dropped to +6˚C during the night and changed to +11˚C until the end of the race. 
Weather conditions varied from sunny to cloudy with a short shower in the afternoon and 
relative humidity increased from 44% to 98%. 
Procedures, measurements and calculations 
Participants were instructed to keep a training diary until the start of the race. The training 
three months before the race (i.e. training units in hours, cycling units in hours, training 
distances in kilometres, cycling speed, heart rate during training units, volume of kilometres 
in the year 2011, and the years of active cycling) was recorded. Participant recruitment and 
pre-race testing took place during event registration in the morning before the race between 
07:00 a.m. and 11:00 a.m. in a private room adjacent to the registration area. The athletes 
were informed of the procedures and gave their informed written consent. Post-race 
measurements were taken between 12:00 and 1:00 p.m. immediately upon completion of the 
race in the same place. No measurements were made during the race. Between the pre- and 
the post-race measurements, all athletes recorded their fluid intake using a written record. 
Anthropometric measurements and plethysmography of the foot 
Anthropometric measurements were recorded in all forty-nine ultra-MTBers (37 males and 
12 females) (Table 2, also Figure 1) to estimate skeletal muscle mass and fat mass. Body 
mass, total body water, extracellular fluid and intracellular fluid were measured using a 
multiple-frequency bioelectrical impedance analyser (InBody 720, Biospace, Seoul, South 
Korea). Inbody 720 has a tetra polar 8-point tactile electrode system performing at each 
session 30 impedance measurements by using six different frequencies (i.e. 1 kHz, 5 kHz, 50 
kHz, 250 kHz, 500 kHz, and 1,000 kHz) at each five segments (i.e. right arm, left arm, trunk, 
right leg, and left leg). Subjects were barefoot and generally clothed in cycling attire for both 
the pre- and post-race measurements and participants were advised to void their urinary 
bladder prior to the anthropometric measurements. Body height was determined using a 
stadiometer (TANITA HR 001, Tanita Europe B.V., Amsterdam, The Netherland) to the 
nearest 0.01 m. Body mass index was calculated using body mass and body height. The 
circumferences of mid-upper arm, mid-thigh and mid-calf were measured on the right side of 
the body to the nearest 0.01 cm using a non-elastic tape measure (KaWe CE, Kirchner und 
Welhelm, Germany). The skin-fold measurements were taken on the right side of the body 
for all eight skin-folds (i.e. pectoralis, axillar, triceps, subscapular, abdomen, suprailiac, front 
thigh, and medial calf) using a skin-fold calliper (Harpenden skinfold caliper, Baty 
International Ltd) and recorded to the nearest 0.2 mm. An anthropometric equation [53] using 
body stature, corrected upper arm and thigh girth, sex, age and race of the participants was 
used to estimate skeletal muscle mass in kg. Fat-free mass (kg) was estimated using an 
equation for male [54] and female [55] athletes. Fat mass (kg) was determined based on 
subtracting fat-free mass from total body mass. Percent body fat was estimated using a 
specific equation for men [56] and women [57]. Hydration status was classified according to 
the criteria established by Noakes et al. [11] with overhydration classified as any weight gain 
above initial body mass, euhydration as a decrease in body mass of 0.01% to 3.0%, and 
dehydration as any decrease in body mass greater than 3.0%. The changes of the volume of 
the right foot were estimated using the principle of plethysmography [8]. We used a Plexiglas 
vessel, the dimensions were chosen so that any foot size of an ultra-MTBer would fit in the 
vessel. Outside the vessel, a scale in mm was fixed on the front window to measure changes 
in the level of water from the bottom to the top. The vessel was filled to the level of 100 mm 
with tap water. The right foot was immersed in the water and the upper limit of the water was 
at the middle of malleolus medialis. After immersion of the foot, the new water level was 
recorded to the nearest 1 mm and the volume of the foot was calculated. The corresponding 
calculated volume in ml using the length, width and height in mm of the displaced water was 
defined as the volume of the right foot. No measurements were made during the race. 
Table 2 Age and anthropometric characteristics of the ultra-MTBers (n = 49) 
Parameter Pre-race Post- race Absolute change Change (%) 
M ± SD M ± SD 
Male ultra-MTBers (n = 37)     
Body height (cm) 180.4 ± 0.1    
Age (yr.) 36.6 ± 8.4    
Body mass (kg) 77.9 ± 9.6 75.9 ± 9.8 −2.0 ± 1.6** −2.6 ± 2.1** 
Skeletal muscle mass (kg) 38.4 ± 4.9 38.1 ± 4.9 −0.3 ± 1.1 −0.6 ± 2.7 
Fat mass (kg) 10.6 ± 5.3 9.2 ± 4.9 −1.4 ± 1.2** −14.9 ± 14.5** 
Percent body fat (%) 13.2 ± 5.7 11.8 ± 5.4 −1.4 ± 1.4** −12.7 ± 14.6** 
Total body water (L) 49.3 ± 5.5 48.9 ± 5.7 −0.4 ± 1.4 −0.9 ± 2.8 
Extracellular fluid (L) 18.3 ± 2.0 18.1 ± 2.1 −0.2 ± 0.6* −1.2 ± 3.2* 
Intracellular fluid (L) 31.0 ± 3.5 30.8 ± 3.6 −0.2 ± 0.8 −0.7 ± 2.6 
Volume of the foot (L) 1.132 ± 1.502 1.145 ± 1.302 0.013 ± 0.097 1.8 ± 9.6 
Female ultra-MTBers (n = 12)     
Body height (cm) 167.8 ± 29.3    
Age (yr.) 36.8 ± 8.9    
Body mass (kg) 60.6 ± 4.9 59.7 ± 4.9 −0.9 ± 1.2* −1.5 ± 1.9* 
Skeletal muscle mass (kg) 26.7 ± 3.3 26.8 ± 3.2 0.1 ± 0.7 0.4 ± 2.7 
Fat mass (kg) 10.9 ± 3.9 9.7 ± 3.9 −1.2 ± 1.0** −8.2 ± 10.8** 
Percent body fat (%) 15.4 ± 6.5 13.7 ± 6.2 −2.7 ± 3.6* −11.0 ± 15.5* 
Total body water (L) 35.3 ± 4.4 35.4 ± 4.5 0.1 ± 0.9 0.2 ± 2.7 
Extracellular fluid (L) 13.3 ± 1.7 13.3 ± 1.7 0.0 ± 0.5 0.0 ± 3.6 
Intracellular fluid (L) 22.0 ± 2.7 22.1 ± 2.8 0.1 ± 0.5 0.4 ± 2.3 
Volume of the foot (L) 0.858 ± 1.205 0.908 ± 1.100 0.050 ± 0.116 6.9 ± 14.4 
Results are presented as mean ± SD; * = P < 0.05, ** = P < 0.01. 
Figure 1 Percentchange of BM, FM, and SM in the 37 men and 12 women during the 24 
hour MTB race. BM – body mass, FM – fat mass, SM – skeletal muscle mass. 
Haematological and biochemical measurements 
Haematocrit [HCT], plasma sodium [Na+], plasma urea, plasma osmolality, urine urea, urine 
specific gravity (USG) and urine osmolality pre- and post-race measurements were 
determined in a subgroup of twenty-five athletes (16 men and 9 women) to investigate 
changes in hydration status (Table 3). These procedures were performed at the same time as 
the anthropometric measurements, before the start and directly after finishing the race. The 
recording procedure for pre- and post-race measurements was identical. After venipuncture of 
an antecubital vein, one Sarstedt S-Monovette (plasma gel, 7.5 mL) for chemical and one 
Sarstedt S-Monovette (EDTA, 2.7 mL) for haematological analysis were cooled and sent to 
the laboratory and were analysed within six hours. Haematocrit was determined using 
Sysmex XE 2100 (Sysmex Corporation, Japan), plasma [Na+] and plasma urea using a 
biochemical analyzer Modula SWA, Modul P + ISE (Hitachi High Technologies 
Corporation, Japan, Roche Diagnostic), and plasma osmolality using Arkray Osmotation 
(Arkray Factory, Inc., Japan). Samples of urine were collected in one Sarstedt monovette for 
urine (10 mL) and sent to the laboratory. Urine urea was determined using a biochemical 
analyzer Modula SWA, Modul P + ISE (Hitachi High Technologies Corporation, Japan, 
Roche Diagnostic), urine specific gravity using Au Max-4030 (Arkray Factory, Inc., Japan), 
and urine osmolality using Arkray Osmotation (Arkray Factory, Inc., Japan). 
Table 3 Haematological and urinary parameters (n = 25) 
Parameter Pre-race Post-race Change (post to pre-race) Change (%) 
M ± SD M ± SD Absolute 
Male ultra-MTBers(n = 16)     
Haematocrit (%) 43.1 ± 3.3 42.6 ± 3.1 −0.5 ± 3.7 −0.7 ± 8.8 
Plasma sodium (mmol/L) 138.2 ± 1.4 137.8 ± 2.3 −0.4 ± 2.9** −0.3 ± 2.1 
Plasma urea mmol/L 6.1 ± 1.3 13.5 ± 4.1 7.4 ± 3.8** 124.0 ± 67.2 
Plasma osmolality (mosmol/kg H2O) 289.4 ± 4.1 293.6 ± 4.4 4.2 ± 4.5** 1.5 ± 1.6 
Urine urea (mmol/L) 239.3 ± 172.1 576.0 ± 78.0 336.7 ± 174.8** 298.0 ± 315.5 
Urine osmolality (mosmol/kg H2O) 415.7 ± 190.3 776.7 ± 133.4 361.0 ± 184.4** 132.0 ± 132.4 
Urine specific gravity (g/mL) 1.013 ± 0.002 1.022 ± 0.004 0.009 ± 0.004** 0.8 ± 0.3 
Female ultra-MTBers (n = 9)     
Haematocrit (%) 42.0 ± 2.7 40.0 ± 2.8 −2.0 ± 4.1 −4.5 ± 10.0 
Plasma sodium (mmol/L) 137.4 ± 2.8 137.1 ± 1.8 −0.3 ± 3.0 −0.2 ± 2.2 
Plasma urea (mmol/L) 5.8 ± 1.5 8.7 ± 2.5 2.9 ± 1.2** 46.9 ± 18.5 
Plasma osmolality (mosmol/kg H2O) 292.2 ± 2.8 290.6 ± 4.6 −1.7 ± 4.3 −0.6 ± 1.5 
Urine urea (mmol/L) 290.5 ± 204.9 463.0 ± 172.5 172.5 ± 246.5 190.6 ± 292.3 
Urine osmolality (mosmol/kg H2O) 724.3 ± 214.0 716,4 ± 329.1 −7.9 ± 276.5 −1.0 ± 36.6 
Urine specific gravity (g/mL) 1.000 ± 0.005 1.001 ± 0.005 0.001 ± 0.005 0.1 ± 0.4 
Results are presented as mean ± SD; * = P < 0.05, ** = P < 0.01. 
Statistical analysis 
Results are presented as mean ± standard deviation (SD). The Shapiro-Wilk test was applied 
to check for normal distribution of data. Differences between men and women in parameters 
of pre-race experience and training, the average race speed and the total number of kilometres 
were evaluated using paired t-test. The correlations of the changes in parameters during the 
race were evaluated using Pearson product–moment in male group and Spearman correlation 
analysis to assess uni-variate associations in female group. Paired t-tests in male group and 
the Wilcoxon signed rank tests in female group were used to check for significant changes in 
the anthropometric and laboratory parameters before and after the race. The critical value for 
rejecting the null hypothesis was set at 0.05. The data was evaluated in the program Statistic 
7.0 (StatSoft, Tulsa, U.S.A.). 
Results 
Pre-race experience and training parameters 
Pre-race results of 37 male and 12 female 24-hour ultra-MTBers are presented in Table 1. 
Male ultra-MTBers displayed a significantly higher body stature and body mass compared to 
female ultra-MTBers. Additionally, mean training cycling intensity, mean training cycling 
speed and session duration during pre-race training were higher in men compared to women. 
On the contrary, no significant differences between sexes were noted in the years spent as an 
active MTBer, in the number of finished ultra-cycling marathons, in the personal best 
performance in a 24-hour cycling race, in total hours spent cycling in training, in the total 
duration (hour) and the distance (km) of a cycling training in the three months before the 
race. 
Race performance and changes in body composition 
Forty-nine ultra-MTBers (37 men and 12 women) finished the race. Significant differences in 
the average cycling speed during the race were observed between male (16.7 ± 2.2 km/h) and 
female (14.2 ± 1.7 km/h) ultra-MTBers (P < 0.001). Men achieved a mean distance of 282.9 
± 82.9 km during the 24 hours, whereas women achieved 242.4 ± 69.6 km. Despite the 
differences in the average speed for each sex, men did not achieve a significantly higher 
number of kilometres during the 24 hours (P > 0.05). 
In men, the change in body mass was significantly and negatively related to the achieved 
number of kilometres during the 24 hours (r = −0.41, P < 0.05). Their absolute ranking in the 
race was significantly and positively related to post-race body mass (r = 0.40, P < 0.05), the 
change in body mass (r = 0.46, P < 0.001), the percent change in body mass (r = 0.50, P = 
0.001) (Figure 2) and the percent change in fat mass (r = 0.44, P < 0.001) and significantly 
and negatively related to fluid intake (r = −0.54, P < 0.05) (Figure 2) and percent change in 
plasma urea (r = −0.53, P < 0.05). Men’s’ absolute ranking in the race was not related to 
changes in plasma [Na+], or percent changes in urine specific gravity (P > 0.05). 
Figure 2 Absolute ranking related to %∆BM and fluid intake in men (n = 37) and 
women (n = 12). Absolute ranking – according to the number of achieved kilometres during 
24 hours, %∆BM – percent change in body mass. 
Changes in body mass were significantly and negatively related to the number of achieved 
kilometres during the 24 hours also in women (r = −0.80, P < 0.001). Their absolute ranking 
in the race was significantly and positively related to the change in body mass (r = 0.70, P < 
0.05), the percent change in body mass (r = 0.77, P < 0.05) (Figure 2), and significantly and 
negatively related to fluid intake (r = −0.73, P < 0.05) (Figure 2) during the race. Women’ 
absolute ranking in the race was not related to percent change in fat mass, or percent change 
in urine specific gravity (P > 0.05). 
Changes in body composition with regard to anthropometric, urine and blood 
measurements 
The correlation matrix of post-race body mass, change in body mass, percent change in body 
mass, post-race fat mass, percent change in fat mass, percent change in extracellular fluid and 
percent change in plasma urea for men is shown in Table 4. The correlation matrix of change 
in body mass, percent change in body mass and percent change in fat mass for women is 
presented in Table 5. 
Table 4 The correlation matrix of PR BM, ∆BM, % ∆BM, PR FM, %∆FM, %∆ECF 
and %∆ plasma urea for men (n = 37) 
PR BM 0.20 0.33* 0.63** 0.17 0.35* -0.10 
∆BM 0.99** 0.19 0.30 0.88** -0.44 
  
%∆BM 0.53* 0.33* 0.83** -0.50* 
  
 
PR FM 0.45** 0.29 -0.53* 
    










PR BM – post-race body mass, ∆BM – change in body mass, % ∆BM – percent change in 
body mass, PR FM – post-race body mass, %∆FM – percent change in fat mass, %∆ECF – 
percent change in extracellular fluid, %∆ plasma urea – percent change in plasma urea. 
Output file contain both the Pearson’s r values and the scatterplot, one star (*) above the 
Pearson value represents significance level P < 0.05, two stars (**) P < 0.01. 
Table 5 The correlation matrix of ∆BM, %∆BM and %∆FM for women (n = 12) 





∆BM – change in body mass, % ∆BM – percent change in body mass, %∆FM – percent 
change in fat mass. Output file contain both the Spearman’s rank correlation coefficient and 
the scatterplot, one star (*) above the Spearman value represents significance level P < 0.05, 
two stars (**) P < 0.01. 
In male ultra-MTBers (n = 37) body mass decreased significantly during the race by 2.0 ± 1.6 
kg, equal to 2.6 ± 2.1% (P < 0.001) (Table 2, also Figure 1). Fat mass decreased significantly 
by 1.4 ± 1.2 kg (P < 0.001), percent body fat decreased significantly by 1.4 ± 1.4% (P < 
0.001), whereas skeletal muscle mass decreased non-significantly by 0.6 ± 2.7% (P > 0.05) 
(Table 2, also Figure 1). In men, post-race body mass was significantly and positively related 
to post-race fat mass (r = 0.63, P < 0.001). Percent changes in body mass were significantly 
and positively related to post-race fat mass (r = 0.53, P < 0.05) and percent changes in 
skeletal muscle mass (r = 0.73, P < 0.001) (Table 4). The change in body mass was neither 
related to the change in plasma [Na+], nor to the percent change in urine specific gravity (P > 
0.05). 
For men, the percent changes in haematocrit remained stable, and plasma volume increased 
non-significantly by 3.5% (14.8%). Plasma [Na+] in male ultra-MTBers decreased 
significantly (P < 0.001) by 0.3% from 138.2 mmol/L pre-race to 137.8 mmol/L post-race 
(Table 3). Urine specific gravity increased significantly (P < 0.001) (Table 3). Changes in 
plasma [Na+] were not related to percent changes in urine specific gravity (P > 0.05). Post-
race plasma osmolality increased significantly (P < 0.001) (Table 3), but was not related to 
the changes in body mass, plasma [Na+], urine osmolality, or urine urea (P > 0.05). Percent 
changes in urine osmolality were not related to percent changes in urine urea. Percent 
changes in plasma urea were significantly and positively related to post-race plasma 
osmolality (r = 0.49, P < 0.05), and significantly and negatively to percent changes in body 
mass (r = −0.50, P < 0.05), post-race fat mass (r = −0.53, P < 0.05) and percent changes in 
skeletal mass (r = −0.51, P < 0.05) (Table 4). Post-race plasma urea or the changes in plasma 
urea were not related to percent changes in urine specific gravity (P > 0.05). 
In females ultra-MTBers (n = 12), body mass decreased by 0.9 ± 1.2 kg, equal to 1.5 ± 1.9% 
(P < 0.05) (Table 2, also Figure 1). Fat mass decreased significantly by 1.2 ± 1.2 kg (P < 
0.001), percent body fat decreased by 2.7 ± 3.6% (P < 0.05) whereas skeletal muscle mass 
remained stable (P > 0.05) (Table 2, also Figure 1). The percent changes in body mass were 
not related to post-race fat mass (P > 0.05), or fluid intake (P > 0.05). Percent changes in 
body mass were significantly and positively related to percent changes in skeletal muscle 
mass (r = −0.59, P < 0.05), however, skeletal muscle mass did not change significantly (P > 
0.05). The changes in body mass were not related to percent changes in urine specific gravity. 
The percent change in haematocrit remained stable post-race (P > 0.05). Plasma volume 
increased non-significantly by 5.6% (13.5%) (P > 0.05) and was not associated with percent 
changes in total body water, extracellular fluid or intracellular fluid (P > 0.05). Plasma urea 
increased significantly (P < 0.001) (Table 3). The changes in plasma urea were not related to 
the changes in body mass, fat mass, or in urine specific gravity (P > 0.05). Post-race plasma 
[Na+], plasma and urine osmolality and urine urea remained stable (P > 0.05). 
Changes in body water, fluid intake, and foot volumes 
The correlation matrix of post-race body mass, changes in body mass, percent change in body 
mass, post-race fat mass, percent change in fat mass, percent change in extracellular fluid and 
percent change in plasma urea is shown for men in Table 4. 
The male group (n = 37) consumed a total of 13.4 L of fluids during the race, equal to 0.6 ± 
0.1 L/h. Fluid intake varied between 0.30 L/h and 0.80 L /h. Fluid intake was not related to 
changes in body mass, fat mass, extracellular fluid, plasma urea or post-race plasma [Na+] (P 
> 0.05). Extracellular fluid decreased by 0.2 ± 0.6 L (P < 0.05), whereas total body water and 
intracellular fluid decreased non-significantly in men (P > 0.05) (Table 2). Percent changes in 
extracellular fluid were significantly and positively related to changes in body mass (r = 0.88, 
P < 0.001), and significantly and negatively to percent changes in plasma urea (r = −0.52, P < 
0.05). On the contrary, percent changes in extracellular fluid were not associated with percent 
changes in plasma volume or fluid intake. The volume of the lower leg remained unchanged 
in men (P > 0.05) (Table 2), and was neither related to fluid intake nor to changes in plasma 
[Na+] (P > 0.05). The male 24-hour ultra-MTBers were on average euhydrated post- race 
(Table 2). Thereof, twenty male ultra-MTBers were euhydrated (54.2%), thirteen were 
dehydrated (35.1%), and four males were overhydrated (10.7%) following the definition of 
Noakes et al. [11]. 
The female group (n = 12) consumed a total of 8.88 L of fluids during the race, equal to 0.37 
L/h. Fluid intake varied between 0.20 l/h and 0.50 L/h. Fluid intake was not related to percent 
changes in body mass, changes in fat mass, or changes in plasma urea (P > 0.05). The volume 
of the lower leg remained unchanged in women (P > 0.05) (Table 2), and was neither related 
to fluid intake nor to changes in plasma [Na+] (P > 0.05). The female ultra-MTBers were on 
average euhydrated (Table 2). Thereof, seven female ultra-MTBers were euhydrated (58.3%), 
two were dehydrated (16.7%) and three were overhydrated (25.0%) following the definition 
of Noakes et al. [11]. 
Discussion 
The first important finding of this study was that both male and female 24-hour ultra-MTBers 
suffered significant losses in body mass and fat mass during the 24-hour MTB race. Skeletal 
muscle mass showed, however, no significant changes in contrast to fat mass. The second 
important finding for men was that changes in body mass were related to a decrease in post-
race fat mass, and correlated with the changes in extracellular fluid and post-race plasma 
urea. The third important finding was that the volume of the lower leg remained unchanged in 
both men and women and was neither related to fluid intake nor to the changes in plasma 
[Na+]. And a last finding was that faster men and women drank more than the slower ones 
and showed higher losses in body mass, in men also higher fat mass losses. However, fluid 
intake was not correlated to changes in body mass. 
Decrease in total body mass 
Changes in body mass reached statistical significance (P < 0.05) for both male and female 
24-hour ultra-MTBers. Compared to women, men’s average decrease in body mass was 1.1 
percent points (pp) lower. In ultra-endurance settings where athletes race for hours, days, or 
weeks without a break during the night, a decrease of body mass is a common finding, in 
which both fat mass and skeletal muscle mass seemed to decrease [2,6,22,24,26]. 
Changes in fat mass in male and female ultra-MTBers were heterogeneous and did not reach 
statistical significance (P > 0.05). Nevertheless, men’s change in fat mass was 6.7 pp lower 
and was related to a decrease in body mass. A better explanation of the higher changes of 
body mass and fat mass in men could be the reason that their pre-race values of body mass 
were higher than in women, men were faster than women and also the substrate utilisation 
during submaximal exercise in endurance-trained athletes differs between the sexes [23,58], 
where the contribution of intramyocellular lipids to energy supply during endurance 
performance could be higher in men compared to women. A decrease in fat mass is expected 
in an ultra-endurance performance of approximately two days [26]. Studies on ultra-
triathletes [59] and ultra-cyclists [36] reported a decrease in fat mass. The 24-hour ultra-
MTBers in the present study had to continuously perform for nearly 24 hours, which might 
explain their great losses in both body mass and fat mass. We assume that adipose 
subcutaneous tissue was the main energy source for a long-lasting performance such as a 24-
hour MTB race and the ability to use body fat as fuel is important in a such a type of ultra-
endurance performance [23,26]. 
In the present study, skeletal muscle mass showed no statistically significant changes in both 
male and female ultra-bikers. Skeletal muscle mass decreased in ultra-endurance races 
without breaks [22,24]. An excessive increase in endurance activities might lead to a 
reduction in skeletal muscle mass [12,31]. However, a loss in skeletal muscle mass might be 
dependent upon race intensity and was not reported for all endurance sports [12]. The 
decrease in skeletal muscle mass has been demonstrated rather in case reports [15,22,24] than 
in field studies [27,44,60], and a decrease in body mass was mainly due to a decrease in fat 
mass [22,24,26] than in skeletal muscle mass, such as in the present study. 
Furthermore, in a study of an ultra-cycling race over 230 km with 5,500 m of altitude no 
evidence of exercise-induced skeletal muscle damage was reported [37]. In another study of a 
600-km cycling race, again no decrease in skeletal muscle mass was found [36]. Cycling 
involves predominantly concentric muscle activity which will not lead to skeletal muscle 
damage, which may explain the lack of skeletal muscle mass loss in cyclists [39,61]. In 
general, we assume that a 24-hour MTB race may rather lead to a reduction of adipose 
subcutaneous tissue as has been reported in other studies [23,26], due to the fact that fatty 
acids of adipose subcutaneous tissue are oxidized in the contracting skeletal muscle [62]. 
Also low temperatures during night could increase carbohydrate metabolism, especially when 
shivering [63]. The reduction of glycogen stores along with glycogen-bound water [59,64] 
would result also in a loss of body mass. It is likely that the present male and female 24-hour 
ultra-MTBers started the race with full glycogen stores in both skeletal muscles and liver and 
the stores decreased during the race. We presume that the decrease in body mass could be the 
result of the metabolic breakdown of fuel, which includes a loss of fat, glycogen and water 
stored with glycogen. It is possible that the 24-hour race format may lead to a large energy 
deficit resulting in increased oxidisation of subcutaneous fat stores which coupled a decrease 
in extracellular fluid would result in the large body mass losses in male ultra-MTBers. 
Plasma urea, skeletal muscle damage, and protein catabolism 
In male ultra-MTBers, post-race body mass was related to significant losses in post-race fat 
mass, decreases in extracellular fluid and increases in plasma urea (Table 4). Plasma urea 
increased in men by 108% (Table 3) and in women by 46.9%. In a 525-km cycling race, 
plasma urea rose significantly by 97% [37]. In another study investigating body composition 
and hydration status in one male ultra-endurance swimmer during a 24-hour swim, increases 
in plasma urea were associated with parameters of skeletal muscle mass damage [16]. We 
assume for the present male ultra-MTBers that the increase in plasma urea could be 
associated with skeletal muscle mass damage, because an increased plasma urea was related 
to changes in skeletal muscle mass in the present subjects. Nevertheless, due to the fact that 
absolute and percent changes in skeletal muscle mass were non-significantly, we assume that 
skeletal muscle mass damage was moderate in the present athletes. In contrast to cycling, 
Fellmann et al. demonstrated that a 24-hour running race caused more muscular lesions than 
a triathlon, where ultra-cycling was a part of the event [65]. After a Double Iron ultra-
triathlon, plasma urea increased significantly [6] and indicated a state of protein catabolism of 
the organism in the athlete. Faster 24-hour ultra-MTBers in the present study showed 
increases in plasma urea, therefore a post-race increase in plasma urea may be attributed also 
to enhanced protein catabolism during ultra-endurance performance as was reported after an 
ultra-cycling race [39]. We speculate that an increase in plasma urea cannot be solely 
attributed to skeletal muscle damage and protein catabolism. Increased plasma urea in both 
sexes suggests an increased metabolic activity [66]. Plasma urea increases also in cases of an 
impaired renal function [39]. However, there was no association between the change in 
plasma urea and the change in urine specific gravity in both sexes in the present study. 
Race performance, fluid intake, and losses in body mass and fat mass 
Despite the differences in the average cycling speed between women and men, men did not 
achieve a significantly higher number of kilometres during the 24 hours. Women may have 
on average shorter breaks during their race. Therefore, women were able to achieve a similar 
amount of kilometres as men. The better performance in the faster male and female ultra-
MTBers could be also influenced by numerous reasons like the specific character of 24-hour 
races or good race tactics [18]. 
Another interesting finding was that in both male and female ultra-MTBers, faster finishers 
drank more than the slower ones, similarly as reported for 100-km ultra-marathoners [67]. 
Faster ultra-MTBers probably could have a higher sweating rate and lost more fluids, 
however total fluid intake was not related to changes in body mass, only to absolute ranking 
in the race in both sexes. Faster men and women showed also higher losses in body mass than 
slower ones, furthermore faster men lost more body fat than slower ones. Zouhal et. al [68] 
presented an inverse relationship between percent body weight change and finishing times in 
643 forty-two-kilometre marathon runners. A decrease in body fat during an ultra-endurance 
triathlon was also associated with race intensity in ultra-triathletes [59]. Therefore, we 
assume that greater decreases in body mass seen here in male and female ultra-MTBers could 
be attributed to greater race intensity as well as decreases in fat mass in present male ultra-
MTBers. 
Dehydration or overhydration in ultra-endurance performance? 
Another important finding was the fact that foot volume remained stable in both sexes and no 
oedema of the lower limbs occurred in these ultra-MTBers. Moreover, the volume of the 
lower leg was neither related to fluid intake nor to changes in plasma [Na+]. This finding is in 
contrast with previous studies where an increased fluid intake was related to the formation of 
peripheral oedema [8,9]. Furthermore, fluid intake in the present study was not associated 
with changes in body mass, fat mass or plasma urea. 
In case of a fluid overload we would expect an increase of solid mass and a decrease in 
plasma [Na+]. Fluid homeostasis in both sexes was relatively stable since haematocrit 
remained unchanged and plasma volume increased non-significantly. An increase in plasma 
volume in both groups may be due to [Na+] retention, as a consequence of an increased 
aldosterone activity [34]. Plasma [Na+] decreased only in men. Furthermore, the changes in 
plasma [Na+] were not related to the changes in plasma osmolality, or urine specific gravity. 
External factors such as compression socks might have an effect on running performance 
[69]. A recent study showed that male runners in a stepwise treadmill test improved running 
performance with the use of compression socks [69]. In the present study, 8 (21%) male 24-
hour ultra-MTBers and 2 (17%) female 24-hour ultra-MTBers wore compression socks 
during the 24-hour race. Changes in total body water were non-significantly in both groups, 
and there were no differences in foot volume measured by plethysmography, so we did not 
assume that there was an accumulation of water with a subsequent extra-cellular oedema. On 
the contrary, during an intense performance in a hot environment, dehydration may occur [2], 
which may lead to a decrease in body mass [2,31], an increase in urine specific gravity [31], 
an increase in plasma and urine osmolality, and a decrease in total body water [43]. 
The present 24-hour ultra-MTBers appeared to have been relatively dehydrated since body 
mass decreased, however, as per definition of Noakes et al. [11] they were euhydrated. Urine 
specific gravity significantly increased in men where post-race urine specific gravity was 
1.022 mg/L. Urine specific gravity > 1.020 mg/L is indicating significant dehydration 
according to Kavouras [43]. Urine specific gravity trended toward significance (1.020 mg/L) 
in women; they were minimally dehydrated according to Kavouras [43]. Urine specific 
gravity is considered as a reliable marker of hydration status [31,43], however, the change in 
urine specific gravity was very small and both pre- and post-race measurements were within 
the normal range limits [70] in both sexes. Moreover, the increase in urine specific gravity 
was not related to changes in body mass. 
In both male and female ultra-MTBers, plasma osmolality did not reach post-race threshold 
value of 301 ± 5 mmol/kg, which is suggested [71] as a starting point for the estimation of the 
probability of dehydration. There was no association between percent changes in plasma 
osmolality and percent changes in plasma [Na+]; however, male finishers with an increased 
plasma osmolality had also increased plasma urea levels. The increase in plasma urea might 
lead to a change in plasma osmolality which might be a trigger for an increased activity of 
vasopressin [72]. Catabolic products of protein metabolism associated with a physical strain 
[3] could be also related to an increased urine osmolality, so it limits its potential utility for 
the assessment of dehydration. Similar limitations apply for urine specific gravity, and 
fluctuations in the volume of body fluid compartments will also affect plasma osmolality [3]. 
Prolonged exercise in the heat may cause increased losses of total body water by sweating 
and respiration [73]. However, total body water was stable in both sexes although 
extracellular fluid decreased significantly in men (Figure 2). The decrease in extracellular 
fluid in men was significantly and positively related to the change in body mass and 
significantly and negatively to the change in plasma urea. On the contrary, the change in 
extracellular fluid was not correlated to fluid intake or change in plasma volume. We assume 
that the present ultra-MTBers drank ad libitum and their average fluid intake was in line with 
the recommendation of the International Marathon Medical Directors Association (IMMDA) 
[74]. In the male ultra-MTBers, the decrease of extracellular fluid could be due to the race 
intensity accompanied by the reduction of the glycogen stores rather than due to dehydration. 
Ultra-MTBers in both sexes were not dehydrated, but they suffered a significant loss in solid 
masses. 
Limitations 
The limitation was the relatively small number of female ultra-endurance ultra-MTBers. 
Probably a high energy deficit occurred during 24-hour races and we did not determine 
energy intake, in future studies it should be recorded. 
Practical applications for coaches and ultra-MTBers 
Ultra-MTBers in both genders respond individualistically, although they had an equal access 
to fluid. These data support the finding that change in body mass during exercise may not 
reflect exact changes in hydration status, and higher losses of body mass did not impair race 
performance. 
Conclusions 
To summarize, completing a 24-hour MTB race led to a significant decrease in total body 
mass and fat mass whereas skeletal muscle mass remained stable in both male and female 
competitors. The volume of the lower leg remained unchanged both in men and women. 
Body weight changes and increased plasma urea in both sexes under testing conditions do not 
reflect a change in body hydration, but rather represent a balance of both fluid and energy 
losses from both external and internal sources. 
Competing interests 
The authors declare that they have no competing interests. 
Authors’ contributions 
DCH, BK and TR developed the objectives of the study and intervention, DCH managed 
recruitment and data collection, TR supported a laboratory processing of samples, DCH and 
AZ participated in the practical measurement in all field studies, DCH and IT performed 
statistical analysis, DCH and BK lead the drafting of the manuscript, interpreted the findings 
and critically reviewed the manuscript. MS helped with translation and the extensively 
correction of the whole text. All authors read and approved the final manuscript. 
Acknowledgements 
The authors gratefully acknowledge the athletes for their splendid cooperation without which 
this study could not have been done. We thank the organizers and the medical crew of the 
‘Czech Championship 24-hour MTB race’ in Jihlava and the ‘Bike Race Marathon Rohozec’ 
in Liberec for their generous support. A special thank goes to the laboratory staff of the 
University Hospital ‘U Svaté Anny’ in Brno, Czech Republic, for their efforts in analyzing 
haematological and biochemical samples even during the night-times. 
References 
1. Zaryski C, Smith DJ: Training principles and issues for ultra-endurance athletes. Curr 
Sports Med Rep 2005, 4:165–170. 
2. Kao WF, Shyu CL, Yang XW, Hsu TF, Chen JJ, Kao WC, Polun C, Huang YJ, Kuo FC, 
Huang CI, Lee CH: Athletic performance and serial weight changes during 12- and 24-
hour ultra-marathons. Clin J Sport Med 2008, 18(2):155–158. 
3. Cheuvront SN, Kenefick RW, Charkoudian N, Sawka MN: Physiologic basis for 
understanding quantitative dehydration. Am J Clin Nutr 2013, 97:455–462. 
4. American College of Sports Medicine, Sawka MN, Burke LM, Eichner ER, Maughan RJ, 
Montain SJ, Stachenfeld NS: American College of Sports Medicine position stand. 
Exercise and fluid replacement. Med Sci Sports Exerc 2007, 39(2):377–390. 
5. Linderman J, Demchak T, Dallas J, Buckworth J: Ultra-endurance cycling: a field study 
of human performance during a 12-hour mountain bike race. JEP Online 2003, 6(3):14–
23. 
6. Lehmann M, Huonker M, Dimeo F, Heinz N, Gastmann U, Treis N, Steinacker JM, Keul J, 
Kajewski R, Häussinger D: Serum amino acid concentrations in nine athletes before and 
after the 1993 Colmar ultra triathlon. Int J Sports Med 1995, 16(3):155–159. 
7. Stuempfle KJ, Lehmann DR, Case HS, Hughes SL, Evans D: Change in serum sodium 
concentration during a cold weather ultradistance race. Clin J Sport Med 2003, 
13(3):171–175. 
8. Cejka C, Knechtle B, Knechtle P, Rüst CA, Rosemann T: An increased fluid intake leads 
to feet swelling in 100-km ultra-marathoners – an observational field study. J Int Soc 
Sports Nutr 2012, 9(11):1–10. 
9. Bracher A, Knechtle B, Gnädinger M, Bürge J, Rüst CA, Knechtle P, Rosemann T: Fluid 
intake and changes in limb volumes in male ultra-marathoners: does fluid overload lead 
to peripheral oedema? Eur J Appl Physiol 2011, 112(3):991–1003. 
10. Knechtle B, Vinzent T, Kirby S, Knechtle P, Rosemann T: The recovery phase 
following a Triple Iron triathlon. J Hum Kinet 2009, 21(1):65–74. 
11. Noakes TD, Sharwood K, Speedy D, Hew T, Reid S, Dugas J, Almond C, Wharam P, 
Weschler L: Three independent biological mechanisms cause exercise-associated 
hyponatremia:evidence from 2, 135 weighed competitive athletic performances. Proc 
Natl Acad Sci U S A 2005, 102(51):18550–18555. 
12. Weitkunat T, Knechtle B, Knechtle P, Rüst CA, Rosemann T: Body composition and 
hydration status changes in male and female open-water swimmers during an ultra-
endurance event. J Sports Sci 2012, 30(10):1003–1013. 
13. Hew-Butler T, Almond C, Ayus JC, Dugas J, Meeuwisse W, Noakes T, Reid S, Siegel A, 
Speedy D, Stuempfle K, Verbalis J, Weschler L: Exercise-associated hyponatremia (EAH) 
consensus panel. Consensus statement of the 1st International Exercise-Associated 
Hyponatremia Consensus Development Conference, Cape Town, South Africa 2005. 
Clin J Sport Med 2005, 15(4):208–213. 
14. Speedy DB, Noakes TD, Rogers IR, Thompson JM, Campbell RG, Kuttner JA, Boswell 
DR, Wright S, Hamlin M: Hyponatremia in ultradistance triathletes. Med Sci Sports Exerc 
1999, 31:809–815. 
15. Knechtle B, Knechtle P, Schück R, Andonie JL, Kohler G: Effects of a Deca Iron 
Triathlon on body composition – A case study. Int J Sports Med 2008, 29(4):343–351. 
16. Knechtle B, Wirth A, Knechtle P, Rosemann T, Senn O: Do ultra-runners in a 24-h run 
really dehydrate? Irish J Med Sci 2011, 180(1):129–134. 
17. Knechtle B, Duff B, Schulze I, Kohler G: A multi-stage ultra-endurance run over 
1,200 km leads to a continuous accumulation of total body water. J Sports Sci Med 2008, 
7:357–364. 
18. Chlíbková D, Tomášková I: A Field Study of Human Performance During a 24hour 
Mountain Bike Race. In 8th International Conference Sport & Quality of Life 2011. Book of 
Abstracts. Edited by Zvonař M, Sebera M. ; 2011:25. 
19. Chlíbková D, Žákovská A, Tomášková I: Predictor variables for 7-day race in ultra-
marathoners. Procedia Soc Behav Sci 2012, 46:2362–2366. 
20. Knechtle B, Knechtle P, Müller G, Zwyssig D: Energieumsatz an einem 24 Stunden 
Radrennen: Verhalten von Körpergewicht und Subkutanfett. Österr J Sportsmed 2003, 
33(4):11–18. 
21. Bescós R, Dodríguez FA, Iglesias X, Benítez A, Marina M, Padullés JM, Torrado P, 
Vazquez J, Knechtle B: High energy deficit in an ultraendurance athlete in a 24-hour 
ultracycling race. Proc (Bayl Univ Med Cent) 2012, 25(2):124–128. 
22. Knechtle B, Enggist A, Jehle T: Energy turnover at the Race Across America 
(RAAM)-A case report. Int J Sports Med 2005, 26:499–503. 
23. Raschka C, Plath M: Body fat compartment and its relationship to food intake and 
clinical chemical parameters during extreme endurance performance. Schweiz Z 
Sportmed 1992, 40(1):13–25. 
24. Bircher S, Enggist A, Jehle T, Knechtle B: Effects of an extreme endurance race on 
energy balance and body composition - a case study. J Sports Sci Med 2006, 5:154–162. 
25. Rose SP, Futre EM: Ad libitum adjustements to fluid intake in cool environmental 
conditions maintain hydration status in a three-day mountain bike race. Br J Sports Med 
2010, 44:430–436. 
26. Helge JW, Lundy C, Christensen DL, Langfort J, Messonnier L, Zacho M, Andersen JL, 
Saltin B: Skiing across the Greenland icecap: divergent effect on limb muscle 
adaptations and substrate oxidation. J Exp Biol 2003, 206:1075–1083. 
27. Knechte B, Knechtle P, Rüst CA, Rosemann T: Leg skinfold thicknesses and race 
performance in male 24-hour ultra-marathoners. Proc (Bayl Univ Med Cent) 2011, 
24(2):110–114. 
28. Knechtle B, Knechtle P, Rosemann T: No exercise-associated hyponatremia found in 
an observational field study of male ultra-marathoners participating in a 24-hour ultra-
run. Phys Sportsmed 2010, 38(4):94–100. 
29. Knechtle B, Knechtle P, Rosemann T: No association of skin-fold thicknesses and 
training with race performance in male ultraendurance runners in a 24-hour run. J 
Hum Sports Exerc 2011, 6(1):94–100. 
30. Knechtle P, Rosemann T, Senn O: No dehydration in mountain bike ultra-
marathoners. Clin J Sport Med 2009, 19(5):415–420. 
31. Knechtle B, Knechtle P, Kohler G, Rosemann T: Does a 24-hour ultra-swim lead to 
dehydration? J Hum Sports Exerc 2011, 6(1):68–79. 
32. Meyer M, Knechtle B, Bürge J, Knechtle P, Mrazek C, Wirth A, Ellenrieder B, Rüst CA, 
Rosemann T: Ad libitum fluid intake leads to no leg swelling in male Ironman triathletes 
– an observational field study. J Int Soc Sports Nutr 2012, 9(1):1–13. 
33. Knechtle B, Gnädinger M, Knechtle P, Imoberdorf R, Kohler G, Ballmer P, Rosemann T, 
Senn O: Prevalence of exercise-associated hyponatremia in male ultraendurance 
athletes. Clin J Sport Med 2011, 21(3):226–232. 
34. Knechtle B, Knechtle P, Roseman T: No case of exercise-associated hyponatraemia in 
male ultra-endurance mountain bikers in the ‘Swiss Bike Masters’. Chin J Physiol 2011, 
54(6):379–384. 
35. Rüst CA, Knechtle B, Knechtle P, Rosemann T: No case of exercise-associated 
hyponatraemia in top male ultra-endurance cyclists: the ‘Swiss Cycling Marathon’. Eur 
J Appl Physiol 2012, 112(2):689–697. 
36. Knechtle B, Wirth A, Knechtle P, Rosemann T: An ultra-cycling race leads to no 
decrease in skeletal muscle mass. Int J Sports Med 2009, 30(3):163–167. 
37. Neumayr G, Pfister R, Hoertnagl H, Mitterbauer G, Prokop W, Joannidis M: Renal 
function and plasma volume following ultramarathon cycling. Int J Sports Med 2005, 
26(1/02):2–8. 
38. Schenk K, Gatterer H, Ferrari M, Ferrari P, Cascio VL, Burtscher M: Bike Transalp 
2008: liquid intake and its effect on the body’s fluid homeostasis in the course of a 
multistage, crosscountry, MTB marathon race in the central Alps. Clin J Sport Med 
2010, 20(1):47–52. 
39. Knechtle B, Knechtle P, Kohler G: The effects of 1,000 km nonstop cycling on fat mass 
and skeletal muscle mass. Res Sports Med 2011, 19(3):170–185. 
40. Bischof M, Knechtle B, Rüst CA, Knechtle P, Rosemann T: Changes in skinfold 
thicknesses and body fat in ultra-endurance cyclists. Asian J Sports Med 2013, 4(1):15–
22. 
41. Fellmann N, Sagnol M, Bedu M, Falgairette G, Van Praagh E, Gaillard G, Jouanel P, 
Coudert J: Enzymatic and hormonal responses following a 24 h endurance run and a 10 
h triathlon race. Eur J Appl Physiol 1988, 57:545–553. 
42. Knechtle B, Kohler G: Running 338 kilometres within five days has no effect on body 
mass and body fat but reduces skeletal muscle mass – the Isarrun 2006. J Sports Sci Med 
2007, 6:401–407. 
43. Kavouras SA: Assessing hydration status. Curr Opin Clin Nutr Metab Care 2002, 
5(5):519–524. 
44. Hew-Butler T, Jordaan E, Stuempfle KJ, Speedy DB, Siegel AJ, Noakes TD, Soldin SJ, 
Verbalis JG: Osmotic and nonosmotic regulativ of arginine vasopressin during 
prolonged endurance exercise. J Clin Endocrinol Metab 2008, 93(6):2072–2078. 
45. Skenderi KP, Kavouras SA, Anastasiou CA, Yiannakouris N, Matalas AL: Exertional 
rhabdomyolysis during a 246-km continuous running race. Med Sci Sports Exerc 2006, 
38(6):1054–1057. 
46. Knechtle B, Wirth A, Knechtle P, Rosemann T: Increase of total body water with 
decrease of body mass while running 100 km nonstop – formation of edema? Res Q 
Exerc Sport 2009, 80(3):593–603. 
47. Knechtle B, Senn O, Imoberdorf R, Joleska I, Wirth A, Knechtle P, Rosemann T: 
Maintained total body water content and serum sodium concentrations despite body 
mass loss in female ultra-runners drinking ad libitum during a 100 km race. Asia Pac J 
Clin Nutr 2010, 19(1):83–90. 
48. Frisch RE, Hall GM, Aoki TT, Birnholz J, Jacob R, Landsberg L, Munro H, Parker-Jones 
K, Tulchinsky D, Young J: Metabolic, endocrine, and reproductive changes of woman 
channel swimmer. Metabolism 1984, 33:1106–1111. 
49. Mertens DJ, Rhind S, Berkhoff F, Dugmore D, Shek PN, Shephard RJ: Nutritional, 
immunologic and psychological responses to a 7250 km run. J Sports Med Phys Fitness 
1996, 36:132–138. 
50. Clark N, Tobin J, Ellis C: Feeding the ultraendurance athlete:practical tips and a case 
study. J Am Diet Assoc 1992, 92:1258–1262. 
51. Knechtle B, Duff B, Schulze I, Kohler G: The effects of running 1,200 km within 17 
days on body composition in a female ultrarunner – Deutschlandlauf 2007. Res Sports 
Med 2008, 16:167–188. 
52. Knechtle B, Salas Fraire O, Andonie JL, Kohler G: Effect of a multistage ultra-
endurance triathlon on body composition: World Challenge Deca Iron Triathlon 2006. 
Br J Sports Med 2008, 2:121–125. 
53. Lee RC, Wang Z, Heo M, Ross R, Janssen I, Heymsfield SB: Total-body skeletal 
muscle mass: development and cross-validation of anthropometric prediction models. 
Am J Clin Nutr 2000, 72(3):796–803. 
54. Stewart AD, Hannan WJ: Prediction of fat and fat-free mass in male athletes using 
dual X-ray absorptiometry as the reference method. J Sports Sci 2000, 18(4):263–274. 
55. Warner ER, Fornetti WC, Jallo JJ, Pivarnik JM: A skinfold model to predict fat-free 
mass in female athletes. J Athl Train 2004, 39(3):259–262. 
56. Ball SD, Altena TS, Stan PD: Comparison of anthropometry to DXA: a new 
prediction equation for men. Eur J Clin Nutr 2004, 58:1525–1531. 
57. Ball SD, Stan P, Desimone R: Accuracy of anthropometry compared to dual energy 
X-ray absorptiometry. A new generalizable equation for women. Res Q Exerc Sport 
2004, 75(3):248–258. 
58. Zehnder M, Ith M, Kreis R, Saris W, Boutellier U, Boesch D: Gender-specific usage of 
intramyocellular lipids and glycogen during exercise. Med Sci Sports Exer 2005, 
37(9):1517–1524. 
59. Knechtle B, Schwanke M, Knechtle P, Kohler G: Decrease in body fat during an ultra-
endurance triathlon is associated with race intensity. Br J Sports Med 2008, 42:609–613. 
60. Mueller SM, Anliker E, Knechtle P, Knechtle B, Toigo M: Changes in body 
composition in triathletes during an Ironman race. Eur J Appl Physiol 2013, 113:2343–
2352. 
61. Vissing K, Overgaard K, Nedergaard A, Fredsted A, Schjerling P: Effects of concentric 
and repeated eccentric exercise on muscle damage and calpain-calpastatin gene 
expression in human skeletal muscle. Eur J Appl Physiol 2008, 103:323–332. 
62. Romijn JA, Coyle EF, Sidossis LS, Gastaldelli A, Horowitz JF, Endert E, Wolfe RR: 
Regulation of endogenous fat and carbohydrate metabolism in relation to exercise 
intensity and duration. Am J Physiol 1993, 265:E380–E391. 
63. Jeukendrup AE: Modulation of carbohydrate and fat utilization by diet, exercise and 
environment. Biochem Soc Trans 2003, 31(6):1270–1273. 
64. Knechtle B, Wirth A, Knechtle P, Rosemann T: Increase of total body water with 
decrease of body mass while running 100 km nonstop – formation of edema? Res Q 
Exerc Sport 2009, 80(3):593–603. 
65. Fellmann N, Sagnol M, Bedu M, Falgairette G, Van Praagh E, Gaillard G, Jouanel P, 
Coudert J: Enzymatic and hormonal responses following a 24 h endurance run and a 10 
h triathlon race. Eur J Appl Physiol 1988, 57:545–553. 
66. Riley WJ, Pyke FS, Roberts AD, et al: The effects of long-distance running on some 
biochemical variables. Clin Chim Acta 1975, 65:83–89. 
67. Knechtle B, Knechtle P, Wirth A, Rüst CA, Rosemann T: A faster running speed is 
associated with a greater body weight loss in 100-km ultra-marathoners. J Sports Sci 
2012, 30(11):1131–1140. 
68. Zouhal H, Groussard C, Minter G, Vincent S, Cretual A, Gratas-Delamarche A, 
Delamarche P, Noakes TD: Inverse relationship between percentage body weight change 
and finishing time in 643 forty-two kilometer marathon runners. Br J Sports Med 2011, 
45(14):1101–1105. 
69. Kemmler W, von Stengel S, Köckritz C, Mayhew J, Wassermann A, Zapf J: Effects of 
compression stockings on running performance in men runners. J Strength Cond Res 
2009, 23:101–103. 
70. Kratz A, Lewandrowski KB: Normal reference laboratory values. N Engl J Med 1998, 
339:1063–1072. 
71. Cheuvront SN, Ely BR, Kenefick RW, Sawka MN: Biological variation and diagnostic 
accuracy of dehydration assessment markers. Am J Clin Nutr 2010, 92:565–573. 
72. Bőrge J, Knechtle B, Knechtle P, Gnädinger M, Rőst CA, Rosemann T: Maintained 
serum sodium in male ultra-marathoners – the role of fluid intake, vasopressin, and 
aldosterone in fluid and electrolyte regulation. Horm Metab Res 2011, 43(9):646–652. 
73. Greenleaf JE, Convertino VA, Mangseth GR: Plasma volume during stress in man: 
Osmolality and red cell volume. J Appl Physiol 1979, 47:1031–1038. 
74. Hew-Butler T, Verbalis JG, Noakes TD: Updated fluid recommendation: position 
statement from The International Marathon Medical Directors Association (IMMDA). 
Clin J Sport Med 2006, 16(4):283–292. 
75. Hew-Butler T, Collins M, Bosh A, Sharwood K, Wilson G, Armstrong M, Jennings C, 
Swart J, Noakes T: Maintenance of plasma volume and serum sodium concentration 
despite body weight loss in ironman triathletes. Clin J Sport Med 2007, 17(2):116–122. 
